Abstract. Apoptosis has a central role in the pathogenesis of many human diseases, one of which is cancer. One of the most important strategies to regulate apoptosis is via the ubiquitin-proteasome pathway. It has been shown that inhibition of proteasomal chymotrypsin-like activity is a strong apoptosis-inducing stimulus and that actively proliferating cancer cells are more sensitive to proteasome inhibitors than normal or untransformed cells. Dithiocarbamates are a class of metal-chelating compounds with various applications in medicine. We reported previously that certain members of dithiocarbamates, such as pyrrolidine dithiocarbamate (PDTC), diethyldithiocarbamate and disulfiram, are able to bind with tumor cellular copper, forming an active complex with proteasome-inhibitory, apoptosis-inducing and anti-cancer activities. In the current study, we synthesized eight PDTC analogues with substitutions made to the pyrrolidine ring and studied their structureactivity relationships. We found that substitution of the pyrrolidine ring with piperidine had almost no effect on their proteasome-inhibitory and anti-proliferative potencies in human breast cancer cells. However, after the pyrrolidine ring was substituted with morpholine, the activity of the mixtures slightly decreased but was completely lost when piperazine with the attached ethyl group was used for the substitution. This structure-activity relationship was confirmed by the results generated with the corresponding copper complexes. Our data further support the novel concept of using accumulated copper in human cancer cells as a selective approach for chemotherapy.
Introduction
Apoptosis is an evolutionarily conserved cellular suicide program in multicellular organisms (1) . It removes unwanted cells and thereby plays an essential role in development, tissue homeostasis, and defense against viral infections and mutations. In many human diseases, the genes controlling the apoptotic process are suppressed, overexpressed or altered by mutations (2) . In disease states such as cancer, insufficient cell death is a common problem (3) .
The ubiquitin-proteasome pathway is essential for many fundamental cellular processes, including the cell cycle, apoptosis, angiogenesis and differentiation (4) . This pathway contributes to the pathological state of several human diseases including cancer, in which some regulatory proteins are either stabilized due to decreased degradation or lost due to accelerated degradation (5) . The 20S proteasome, the proteolytic core of the 26S proteasome complex, contains multiple peptidase activities including the chymotrypsinlike/CT-like, trypsin-like and peptidylglutamyl peptide hydrolyzing-like/PGPH-like (6) . It has been shown that inhibition of CT-like but not the other proteasomal activities is a strong stimulus that induces apoptosis (7, 8) .
The ease of synthesis and structural manipulation of small molecules with apoptosis-inducing ability makes them attractive potential anti-cancer drugs. One group of small molecules with the potential to treat cancer is proteasome inhibitors. These inhibitors can block proteasome function without, or by slightly affecting, other normal biological processes in the cell. The fact that cancer cells are more sensitive to the proteasome inhibitors than normal or untransformed cells makes these small molecules even more attractive potential anti-cancer drugs (9) (10) (11) .
Dithiocarbamates are a class of metal-chelating compounds with various applications in medicine for the treatment of bacterial and fungal infections, and the possible treatment of AIDS (12, 13) . One of the dithiocarbamates, pyrrolidine dithiocarbamate (PDTC), is a synthetic antioxidant that has the potential to inhibit NFκB activation (12, 14) . We previously found that PDTC forms a complex with copper and that this PDTC-copper complex inhibits proliferation and induces apoptosis in cultured breast and prostate cancer cells, triggered by the inhibition of the ubiquitin-proteasome pathway (15, 16) .
In this study, we screened several PDTC analogues with substitutions made to the pyrrolidine ring for their structureactivity relationships. After we determined the effect of their copper complexes, we found that substitution of the pyrrolidine ring with piperidine had almost no effect on their proteasomeinhibitory potencies in human breast cancer cells. However, after the pyrrolidine ring was substituted with morpholine, the activity of the complexes slightly decreased but was completely lost when piperazine with the attached ethyl group was used for the substitution.
Materials and methods

Materials. Pyrrolidine dithiocarbamate (PDTC
, dimethylsulfoxide (DMSO) and additional chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMEM/F12, fetal bovine serum, penicillin, and streptomycin were purchased from Invitrogen (Carlsbad, CA). Purified rabbit 20S proteasome, and fluorogenic peptide substrate Suc-LLVY-AMC for the proteasomal CT-like activity were from Calbiochem (San Diego, CA, USA). Mouse monoclonal antibody against human poly(ADP-ribose) polymerase (PARP) was purchased from Biomol International LP (Plymouth Meeting, PA). Mouse monoclonal antibodies against Bax (B-9), p27 (F-8), and ubiquitin (P4D1), goat polyclonal antibody against actin (C-11), rabbit polyclonal antibody against IκB-α (C-15), and secondary antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). All the chemicals used for synthesis of PDTC analogues were purchased from Acros. The water used in this study was purified by reverse osmosis on a MilliRo followed by ion exchange (Cascada, USA). The copper solution was prepared by dissolving CuCl 2 in the purified water. All the fluorescence intensity was measured by the F-4500 spectrofluorimeter (Hitachi, Japan). Compound identifications were confirmed by Proton Nuclear Magnetic Resonance (NMR) AVANCE 400 (Bruker, Germany).
Synthesis of PDTC analogues. Dialkyl-substituted dithiocarbamate analogues were prepared by the one-step reaction of secondary amine with carbon bisulfide in sodium hydroxide and methanol (17) (scheme, top, right). The mixture was heated to 40˚C and stirred well for 30-120 min, and the methanol was then removed by distillation. Crude products were further purified by recrystallization.
Measurement of binding constants of PDTC analogues and Cu
2+ . The binding constant between a PDTC analogue and Cu 2+ was determined by fluorescence spectroscopy at 25˚C. The concentration of the PDTC analogue solution was 100 μM and the concentration of the Cu 2+ was increased stepwise from 5 to 250 μM.
Cell culture and cell extract preparation. MDA-MB-231 cells were grown in DMEM/F12 supplemented with 10% fetal bovine serum, 100 units/ml of penicillin, and 100 μg/ml of streptomycin, at 37˚C in a humidified incubator with an atmosphere of 5% CO 2 . A whole cell extract was prepared as previously described (7).
Proteasome activity assay. MDA-MB-231 breast cancer cells were grown to 70-80% confluency, treated under various conditions, harvested, and then used for whole cell extract preparation. Cell extract (10 μg) was used to determine the proteasomal chymotrypsin-like activity, as previously described (16) .
Cell proliferation assay. The MTT assay was used to determine the effects of the various compounds on breast cancer cell proliferation. Cells were plated in a 96-well plate and grown to 70-80% confluency, followed by the addition of each PDTC-Cu complex at the indicated concentrations. After a 24-h incubation at 37˚C, inhibition of cell proliferation was measured as previously described (18) .
Cellular morphology analysis.
A Zeiss (Thornwood, NY) Axiovert 25 microscope with phase contrast was used for cellular morphology, as previously described (15) .
Western blot analysis. MDA-MB-231 cells were treated, harvested and lysed. Cell lysates (50 μg) were separated by SDS-PAGE and transferred to a nitrocellulose membrane, followed by visualization using the enhanced chemiluminescence kit (Amersham Biosciences, Piscataway, NJ), as previously described (16) .
Results
Synthesis and characterization of PDTC analogues.
Eight secondary amines and pyrrolidine as a control were used for the synthesis of PDTC analogues and PDTC, respectively (Fig. 1A ). Since these compounds have different nucleophilicity, the reactions were carried out under different conditions. Amines such as piperidine and morpholine are easily able to react with CS 2 in NaOH at room temperature with a high yield of 90%. Secondary amines containing aromatic groups are less reactive and were treated at higher temperature (50˚C) and yielded ~ 50% of final product.
Mixtures of PDTC analogues with copper inhibit MDA-MB-231 cell proliferation.
We previously demonstrated that a mixture of PDTC and copper selectively inhibits proliferation and induces apoptosis in malignant and pre-malignant but not in normal breast cancer cells (15) . To investigate the antiproliferative potency of eight newly synthesized PDTC analogues (Fig. 1A) , we mixed each of them with a solution of copper chloride at a 1:1 ratio (vol:vol). Highly metastatic MDA-MB-231 breast cancer cells were then treated with 5, 10 and 20 μM concentrations of each of all eight mixtures for 24 h, followed by MTT assay. In this experiment, PDTC-Cu and DSF-Cu were used as positive controls (15, 19) . We found that the copper-containing mixtures of PDTC analogues #1, #2, #3, #4 and #8 had similar growth-inhibitory potency to that of PDTC-Cu and DSF-Cu, causing ~90% inhibition at 5 μM (Fig. 1B) . Analogue #7-Cu was slightly less potent (Fig. 1B) and the analogue #6-Cu mixture at 5-20 μM inhibited only ~70% of MDA-MB-231 cell proliferation (Fig. 1B) . The least potent of all tested PDTC analogues was analogue #9, since its mixture with copper inhibited onlỹ 20% of cell growth even at the highest concentration used (20 μM) (Fig. 1B) . Therefore, the copper-based growthinhibitory potential of PDTC analogues is related to their chemical structures.
Mixtures of PDTC analogues with copper inhibit cellular proteasome activity and induce apoptosis in a dosedependent manner.
To further study the structure-activity relationships, we chose the three most related PDTC analogues, #1, #7 and #9. After we mixed analogues #1, #7 or #9 with copper(II) chloride, color changes, indicative of complex formation, were observed ( Fig. 2A) . The most intensive color change was observed with the analogue #1 mixture with copper (#1-Cu).
We first performed a dose-dependent experiment. Breast cancer MDA-MB-231 cells were treated with each mixture at concentrations of 0.5, 2.5, and 5 μM for 16 h, followed by measurement of proteasome inhibition and apoptotic cell death by multiple assays. All the PDTC analogue-copper mixtures inhibited the proteasomal CT-like activity in a dosedependent manner (Fig. 2B) . Consistent with their antiproliferative activities (Fig. 1B) , the copper mixture of analogue #1 was found to be the most potent, by inducing 90% of proteasomal inhibition at the highest concentration used (Fig. 2B) . Analogue #7 mixed with copper had a lightly weaker effect; it induced ~83% inhibition at the highest concentration. In contrast, analogue #9 mixed with copper was found to be the least potent; it inhibited only ~30% of the proteasomal activity at the highest concentration (Fig. 2B) . Additionally, a dose-dependent accumulation of ubiquitinated proteins and a ubiquitinated form (indicated by an arrow, Fig. 2C ) of the natural proteasome target IκB-α (20) was detected by Western blot analysis only in the cells treated with #1-Cu and #7-Cu mixtures.
We and others have shown that, associated with the apoptotic commitment, Bax protein (p21/Bax) is cleaved by calpain, producing a p18/Bax fragment, which then forms a homodimer p36/Bax (21, 22) . We observed the accumulation of p36/Bax protein mainly in the cells treated with #1-Cu and #7-Cu mixtures (Fig. 2C) , suggesting calpain involvement.
In the same experiment, morphological changes (shrunken cells and characteristic apoptotic blebbing) were detected in the cells treated with 2.5 and 5.0 μM of #1-Cu mixture and 5.0 μM of #7-Cu mixture, but not #9-Cu mixture even at the highest concentration used (Fig. 2D) . A dose-dependent production of cell death-specific PARP cleavage fragment p65 was detected in MDA-MB-231 cells treated only with #1-Cu and #7-Cu mixtures (Fig. 2C) . This further supports calpain activation since it has been shown that calpain cleaves PARP into a fragment of ~65 kDa (23) . Our results demonstrated that the rank of the cell death-inducing activities of these PDTC analogues is the same as that of their proteasome-inhibitory potentials, which is #1 > #7 >> #9.
Time-dependent proteasome inhibition and apoptosis induction by #1-Cu mixture.
We showed that among the three tested PDTC analogues, the mixture of #1 with copper(II) chloride was the most potent proteasome inhibitor and apoptosis inducer in intact MDA-MB-231 cells. To ascertain whether proteasome inhibition is the causative factor or the consequence of apoptosis, we performed a kinetic experiment. MDA-MB-231 cells were treated with a 5 μmol/l mixture of #1 and copper for up to 16 h. We found ~25% inhibition of the proteasomal CT-like activity by the #1-Cu mixture after 0.5 h of treatment, ~40% inhibition after 4 h, and ~70% inhibition after 10 h (Fig. 3A) . Proteasome inhibition was confirmed by the accumulation of ubiquitinated proteins and the ubiquitinated IκB-α (Fig. 3B) . Apoptotic morphological changes were observed after 4 h of treatment (Fig. 3C) , and cell death-related, calpain-mediated PARP cleavage fragment p65 appeared after 10 h of treatment (Fig. 3B) . Consistent with calpain activation, levels of p36/Bax homodimer were increased at ~10 h (Fig. 3B) . These data suggest that the PDTC analogue #1-Cu mixture causes proteasome inhibition at an early time point, followed by calpain activation and apoptosis induction.
Effect of synthetic PDTC analogue-copper complexes.
To confirm the results generated with the mixtures of the PDTC analogues and copper (Figs. 1-3) , we synthesized complexes #1-Cu, #7-Cu and #9-Cu, each with the PDTC analogue:copper molar ratio 2:1. After MDA-MB-231 cells were treated with each synthetic complex at a 10 μM concentration for 24 h (Fig. 4A) , we again found that complex #1 induced more apoptotic morphological changes than complex #7, while complex #9 did not induce any morphological changes (Fig. 4A) , consistent with the results obtained from the three mixtures (see Fig. 2D ).
Failure of complex #9 to inhibit the proteasome and to induce cell death could have been due to the fact that i) analogue #9 is a poor copper-binding ligand and/or ii) complex #9 is an inactive compound. To distinguish between these two possibilities, we investigated the binding affinity of analogue #9 to copper, using analogues #1 and #7 as controls. The binding constant of analogue #9 to Cu 2+ (2.3x10 4 ) was similar to that of analogue #7 to Cu 2+ (2.6x10 4 ), and weaker than analogue #1 to Cu 2+ (8.5x10 4 ). We also found that after the addition of Cu 2+ , the fluorescence intensity of analogues #1 and #7, as well as all other ligands (data not shown), increased while the fluorescent intensity of #9 was quenched (Fig. 4B) , indicating that the binding mode between Cu 2+ and #9 was different from Cu 2+ complexes with ligands #1 through #8. Since analogue #9 had a binding affinity to copper similar to that of analogue #7, but complex #9 was much less potent than complexes #1 and #7 (Figs. 2  and 4A ), we conclude that complex #9 is a weak proteasome inhibitor and apoptosis inducer.
We then investigated the anti-proliferation potency of synthetic complex #1 by an MTT assay and found that after 24 h of treatment, at a 1 μM concentration it inhibited ~80% of MDA-MB-231 cell proliferation and at 20 μM caused 90% inhibition (Fig. 4C) . Then, we treated MDA-MB-231 cells with 10 μmol/l of synthetic complex #1-Cu up to 24 h, followed by the measurement of the proteasomal inhibition. We found that ~40% of the proteasomal CT-like activity was inhibited at the early and late time points (Fig. 4D) . Proteasomal inhibition was confirmed by Western blot analysis which showed accumulation of the ubiquitinated form of proteasome target protein IκB-α (Fig. 4E ). In the same kinetic experiment, apoptotic morphological changes (shrunken cells and characteristic apoptotic blebbing) were detected mostly after 24 h of treatment (data not shown). Therefore, we conclude that PDTC analogue #1, a piperidine dithiocarbamate, is a copper-based proteasome inhibitor and a cancer cell apoptosis inducer.
Discussion
The ubiquitin-proteasome pathway plays a major role in the degradation of proteins involved in cell cycle progression, proliferation, and apoptosis. This pathway was also shown to play a critical role in cancer cells and is a novel target for inhibiting tumor progression and overcoming drug resistance (24) . Moreover, proteasome inhibitors are potent apoptosis inducers and cancer cells are more sensitive to proteasome inhibition compared to normal cells (7, (9) (10) (11) . However, because of the vital nature of the proteasome, the possibility of targeting it therapeutically was met with great skepticism.
With the first demonstration that proteasome inhibitors were well tolerated and active in models of human malignancies in vivo (25) , they were introduced into Phase I safety trials. Bortezomib was the first proteasome inhibitor to receive regulatory approval from the US Food and Drug Administration for the treatment of multiple myeloma (26) . However, the main drawback of bortezomib is the overall toxicity that very often causes an early cessation of the treatment. In the search for new, more potent and less toxic, proteasome inhibitors, we previously showed that PDTC forms a complex with copper that inhibits the proteasomal activity and cell proliferation, and induces apoptosis in breast and prostate cancer cells, but not in normal cells (15, 16) .
In this study, we characterized a structure-activity relationship between different substitution groups on the pyrrolidine ring of PDTC. We determined that the size and polarity of the ring within PDTC was important for them to complex with copper by measuring the color change ( Fig. 2A ) and binding constants (Fig. 4C) . We also measured the antiproliferative activity of the complexes by the MTT assay. After the pyrrolidine ring was substituted with the more polar and larger groups, in analogues #6 and #9, the potency of their mixtures with copper to inhibit the proliferation of breast cancer cells significantly decreased. We also showed that pyrrolidine substitution with piperidine (analogue #1) had almost no effect on the proteasome-inhibitory and cell death-inducing activities of the mixture or complex. However, pyrrolidine substitution with morpholine (analogue #7) slightly decreased the activity of the mixture, which was then completely lost when piperazine with the attached hydroxyethyl group was used for the substitution (analogue #9).
In conclusion, these data support the novel concept of using accumulated copper in human cancer cells as a selective approach for chemotherapy. The nontoxic copper-binding ligands such as PDTC analogue #1 are able to spontaneously bind with tumor cellular copper and form a proteasome inhibitor and an apoptosis inducer. Our study strongly suggests that cancer cells and tissues, which contain elevated copper and are more dependent on proteasome activity for their survival, should be very sensitive to such a treatment. 
